Implantation of 33 keV C + ions into polycrystalline U 238 with a dose of 4.3 x 10 17 cm -2 produces a physically and chemically modified surface layer that prevents further air oxidation and corrosion. X-ray photoelectron spectroscopy and secondary ion mass spectrometry were used to investigate the surface chemistry and electronic structure of this C + ion implanted polycrystalline uranium and a non-implanted region of the sample, both regions exposed to air for more than a year. In addition, scanning electron microscopy was used to examine and compare the surface morphology of the two Researchers have recently used N 2 + and C + ion implantation to modify the near surface region chemistry and structure of uranium to affect the nucleation and growth kinetics of corrosion and to passivate the surface. [2-4] These researchers used Auger electron spectroscopy (AES) in conjunction with sputter depth profiling to show that the implanted surfaces had compositional gradients containing nitrides and carbides. Oxygen and molybdenum ion implantation has also been used to affect the hydriding properties and oxidation resistance of uranium. [5, 6] In addition to chemical modification, ion implantation can create special reactive surface species that include defect structures that affect the initial adsorption and dissociation of molecules on the surface. Overall the modified surface layers provide mechanical stability and protection against further air corrosion.
Introduction
Preventing the corrosion and oxidation of uranium is important to the continued development of advanced nuclear fuel technologies. Knowledge of the surface reactions of uranium metal with various environmental and atmospheric agents, and the subsequent degradation processes, are vitally important in 21 st century nuclear technology. A review of the oxidation of actinide elements and their use in catalysis [1] summarizes the present understanding of the kinetics and mechanisms of the reaction in dry and humid air.
Researchers have recently used N 2 + and C + ion implantation to modify the near surface region chemistry and structure of uranium to affect the nucleation and growth kinetics of corrosion and to passivate the surface. [2] [3] [4] These researchers used Auger electron spectroscopy (AES) in conjunction with sputter depth profiling to show that the implanted surfaces had compositional gradients containing nitrides and carbides. Oxygen and molybdenum ion implantation has also been used to affect the hydriding properties and oxidation resistance of uranium. [5, 6] In addition to chemical modification, ion implantation can create special reactive surface species that include defect structures that affect the initial adsorption and dissociation of molecules on the surface. Overall the modified surface layers provide mechanical stability and protection against further air corrosion.
This paper presents the results from an investigation of the surface chemistry, surface morphology and electronic structure of air-exposed C + implanted U. Examination of the resultant surface morphology with scanning electron microscopy (SEM) allowed a qualitative comparison between the implanted and the oxidized surfaces. Furthermore, core-level and valence band photoelectron spectroscopy in combination with time-ofRevised SurfSci 05133 UCRL-JRNL-210877 flight secondary ion mass spectrometry (ToF-SIMS) depth profiling provide a comprehensive characterization of the ion-implanted surface.
Experimental
Prior to implantation, the polycrystalline U was prepared with a final mechanical polishing step using 0.5 um diamond paste that provided a near mirror finish. Initial oxidation of the U in laboratory air prior to introduction into the ion implanter vacuum chamber results in a ≤20 nm oxide. [7, 8] The specimen was firmly clamped to a watercooled stainless steel block and sample heating during the implant was therefore minimal.
The implantation was performed on the lightly oxidized U sample with a Varian 3000C ion implanter. The cryosorption pumps on the beamline and endstation maintained vacuum in the mid 10 -6 to mid 10 -7 Torr regime, respectively, during the implant. The implant was at normal incidence and CO 2 gas was used as the source material in the Freeman-type hot filament ionizer. The magnet separated the carbon +1 ions from the other ion species and the beam was rastered onto the surface in the standard fashion for ion implantation, and thus the dose is pure C, uniform and accurate to a few percent. The TRIM calculated sputtering rates of the surface oxygen and surface uranium by the implanting carbon ions are 44% and 23%, respectively. Note that the thin initial oxide layer (≈20 nm) was sputtered and modified during the ion irradiation. Part of the sample was masked to provide ready comparison of implanted versus non-implanted material.
The contrast between implanted and non-implanted areas was readily and immediately seen visually, the implanted area being darker in appearance. With time, i.e. over a year in "standard" California environment (ambient temperature, 50% relative humidity), the The morphology of the C + implanted surface after one year in air appears less uniform (Region B) and exhibits no surface cracking. The enhanced surface roughness may be due to preferential oxide growth in certain regions. Surface chemistry, grain
Revised SurfSci 05133 UCRL-JRNL-210877 boundary defects and inclusions exposed by polishing would affect oxide growth kinetics and may account for this observed morphology. Specifically, a surface inclusion larger than the thickness of the implanted layer would cause a discontinuity in the carbide layer thus allowing preferential oxidation to occur at that site.
Figure 2(a) shows the depth profile results from the non-implanted oxidized region. The total ion and oxygen ion profile remain steady after removal of surface contaminants and indicates the oxide is at least 100 nm thick (the limit of this experimental profile) on this non-implanted region after one-year exposure in ambient air. Also note that carbon and uranium carbide were both observed. Judging by the low signal intensities of the UC and UC 2 peaks and the slow growth of UC 2 peak intensity with depth, we attribute it to Ga + sputter induced ion mixing. The observed UO signal mimics the O signal intensity with depth and is probably due to O diffusion into the bulk, especially along grain boundaries in this polycrystalline material. Fluorine was also observed and is probably due to either surface contamination from fluorocarbons or to the origin of the polycrystalline material. In this measurement of the oxidized surface, we did not sputter through the entire oxide thickness to reach the underlying metal. surface also exhibits the shake-up satellite feature present 6.8 eV above the main U 4f 7/2 peak that is typical for an oxidized surface. The phenomenon responsible for the shake-up satellites is the excitation of an electron from the O 2p-U bonding orbital to a partially occupied or unoccupied U 5f orbital. However, note that these satellite features are not present in the initial U 4f spectrum for the C + implanted surface, but begin to appear after a 1 min. sputter etch.
Following further sputter depth profiling of both the air-exposed non-implanted and C + implanted surfaces, the U 4f 7/2 peaks broaden towards the lower binding energy side and the FWHM increases to 2.4 eV thus indicating the presence of multiple region of the spectra and similar interpretations apply.
Note that the quantitative compositional analyses and elemental ratios summarized in Table I for the air-exposed C + implanted U surface seem to indicate the presence of an oxy-carbide compound in support of Arkush, et al, proposed model. [2] These facts compliment the ToF SIMS results showing the presence of a thin oxy-carbide layer over the transitional U-carbide layer in the air exposed C + implanted area, and a thicker oxide layer in the case of the non-implanted air exposed region. The C 1s core-level spectra for the air exposed C + implanted U surface versus sputter etch time is presented in Figure 4 . Table I summarizes [16, 18] In addition, we note that the hydrocarbon peak intensity increased rapidly during XPS data acquisition thus showing the reactivity of the sputtered UC surface even in ultra-high vacuum.
Revised SurfSci 05133 UCRL-JRNL-210877 Figure 5 shows the O 1s core-level spectra for both air-exposed regions. The initial O 1s doublet structure for both regions reveals the presence of adsorbed water.
Specifically, the higher binding energy peak at 532.0 eV is indicative of adsorbed H 2 O on the U-oxide surface. The lower binding energy peak at 529.8 eV represents the U-oxide.
These results show that ex-situ adsorption of water on UO 2 does not cause dissociation in contrast to clean U metal. [11, 19] Also, comparing peak height ratios of the H 2 O and oxide components in the initial O 1s spectra shows that more water vapor is adsorbed on the C + implanted surface, which may be due to extra defect sites resulting from the implantation. Sputter etching of these two surfaces removes the adsorbed water and leads to an asymmetric O 1s peak shape. Further sputter etching of the C + implanted surface leads to decreased O 1s peak intensity as the thin oxide overlayer is removed. These results are further summarized in Table I . Figure 6 shows the valence band regions for the air exposed non-implanted and C + implanted U surfaces. These spectra provide unique information about the electronic structure and the nature of chemical bonding in actinide materials. The lower valence band (10 eV < E b < 50 eV) is defined by the U 6p 3/2,1/2 -O 2s (C 2s) electron region (lifetime broadening determines the U 6p line-shape) and the U 6s core-level. [20] [21] [22] [23] [24] For the oxidized surface, the U 6p 3/2,1/2 binding energies are 17.2 eV and 27.8 eV,
respectively, and the spin-orbit splitting of the U 6p 3/2,1/2 doublet is 10.6 eV. These U respectively) [25] and noting that they overlap, the manifold peak intensity would be affected in the U-carbide layer thus explaining the changing branching ratio.
The upper valence band, E b < 10 eV, consists of overlapping U 6d-L 2p states (L denotes ligand, e.g. O or C) and U 5f states located near the Fermi level. The O 2p and C 2p bands lie below the Fermi level and significantly hybridize with the U 5f and 6d
bands. [18, [20] [21] [22] [23] [24] In addition to hybridization, the crystal field can split the d orbitals, thus leading to bonding and antibonding states. However, since the C 2p photoionization cross-section is negligible in comparison to those of the U 5f and 6d states [25] it is unlikely that we can observe these states with Al Kα x-ray excitation. The observed broadening of the U 5f peak at the Fermi edge is more pronounced for the C + implanted surface. Since these data are acquired in the subsurface carbide layer, it suggests that the UC has metallic character. Further work using ultra-violet photoemission would have to be completed before a definitive conclusion could be drawn on the metallic character of UC.
Summary and Conclusions
Core-level and valence band photoelectron spectroscopy in combination with time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiling have been used to characterize the air exposed U-carbide surface of C + implanted polycrystalline U.
SEM analysis showed surface roughening without cracking and preferential oxidation following subsequent aging in air. Time-of-flight secondary ion mass spectrometry depth profiling results revealed a buried U-carbide layer and a wide diffuse carbide layer/U metal transitional interface. The wide defected transitional carbide layer strongly suppresses oxidation as previously described. Core-level photoelectron spectroscopy clearly indicated carbide formation in the subsurface layer. Valence band electronic structure of the buried carbide layer indicates hybridization of the U 5f and 6d and ligand 2p bands, and that it has metallic character. Future work will include probing the electronic structure of the buried carbide layer with soft x-ray fluorescence and x-ray absorption.
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